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Abstract 



Some consequences of a Modified Mass Concept (MMC) are discussed. According to MMC the 
inertial mass is not only determined by its energy, but also by a scalar field f depending on other 
masses. The concept consistently describes the galactic rotation curves, the inflation of the universe 
and its accelerated expansion, all without the necessity of Dark Matter (DM) and Dark Energy 
(DE). Instead, the effects attributed to DM are caused by a reduction of inertia acting as an 
enhancement of gravity. These results of MMC are similar to that of MOND. The effects usually 
attributed to DE in MMC stem from a new equation of state for baryonic matter, which always 
causes a negative pressure. In this respect the results are similar to those of the two component 
LCDM. In particular, according to MMC the late universe will pass into a state of constant energy 
density. Furthermore, the MMC can provide an explanation of the very high peculiar velocities 
found at large scales. 



I Introduction 

The "missing mass problem" at large scales is 
well-known in astronomy since Zwicky [1]. It 
applies to galaxies, clusters und the universe as 
a whole. In galaxies and clusters the observed 
mass cannot explain the observed dynamic. The 
amount of observed mass is always smaller than 
that of the calculated virial mass. The well- 
established solution for this problem is the pos- 
tulation that there exists Dark Matter interact- 
ing with baryonic matter only by gravitation 
[21 131 S]. In the meantime, some concerns have 
been raised over the paradigm of DM [U El EJ [9] . 
A popular alternative theory is the MOdified 



Newton Dynamic (MOND) developed by M. 
Milgrom. Today there exists a lot of MONDian 
literature. A non-representative selection is e.g. 
[Ill [la m H [El [E] and dZ]. An extensive 
and actual list of MOND literature is in |18j . 
MOND is very successful with respect to the 
galactic rotation curves [T9j . galaxy formation 
[20j and the simulation of the evolution of spirals 
pi]. But in the past, there are also problems 
reported amongst others with lensing |22j . with 
temperature profils of cluster [23] , with the Lya 
forest [25 and the ominous "bullet cluster"^. 



^an interesting discussion about this issue see [TS] 
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The "missing mass problem" of cosmology 
results from the observation that the density of 
the visible matter together with the DM is too 
small to cause the flatness of space, which is 
an established fact today. Furthermore, there 
is a need to explain why the universe had an 
accelerated expansion in the recent past (z= 0.5 
... 1). This mostly is attributed to a special 
form of energy, called Dark Energy (DE). A 
good review on this topic is [251 ISS] • According 
to the current conception, the universe today 
consists of about 70% DE and baryonic matter 
and DM add up to about 30%. The most simple 
variant of DE is the cosmological constant A 
|27j . The nowadays standard cosmology is 
the ACDM which combines the cosmological 
constant and the cold dark matter. 

The presented work exhibits some parallels to 
both the MOND and the two component ACDM . 

Section |II] deals with the basic idea of MMC. The 
issue of section Hm is the non relativistic equation 
of motion and the difference between MOND and 
MMC. Section HVl is about the relativistic equa- 
tion of motion in SR and GR. The new matter 
equation of state in MMC is deduced in section 
IVl Finally, in section I VII the predictions of MMC 
are compared to the observational facts. 

II The Basic Idea 

In MMC the basic assumption is made that 
inertia of a mass m depends not only on its 
localized energy content, but there is also a 
non-local effect caused by a scalar field /, which 
another distant mass generates. 



In the non-relativistic case of a test mass m at 
r in the gravitational field of a mass M causing 
the field / we may write: 

mn = f{r)mg (1) 

with the gravitational mass nig and the inertial 
mass niin of m with respect to M. 

At first glance this seems to be the revival of 
a very out-dated debate. Didn't the famous 
Eotvos experiment |29l |30] and its successors 
[3T| [32] and more recently [33] show that rUg is 
equal to niin with very high precision, as we all 
have internalized? If we reconsider the exact 
conclusion of an Eotvos balance experiment, 
we realize that it has only shown the precise 
proportionality of the both quantities, and any 
multiplicative constant can be put into the 
definition of force. Thus, according to eq.([TI) 
any Eotvos-like experiment fixed on earth will 
deliver a zero result in MMC too. However, 
MMC-effects could be detected in a satellite 
based experiment in which / change^. 

According to eq.([l]), / is dimensionless. The 
absolute strength of / will be not fixed here 
because it will be beneficial to scale / in such 
a way that / 1 holds in the vicinity of a 
large mass. Then the absolute value of / can 
be merged with the gravitational constant G. 
Of course that would mean a rescaling of the 
gravitational strength. 

Requirements on the scalar field /: 

^Unfortunately, the STEP mission [34], a test for the 
equivalence principle, will be flown in a near-circular orbit 
for different reasons. We may have to wait for LISA 
the Laser Interferometer Space Antenna of NASA and 
ESA, designed for the detection of gravitational waves. 
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rl: < / < 1 because of scaling. 

r2: / ~ 1 in the proximity of a large mass M. 

r3: there exists a scale length A depending on 
M. 

r4: / decreases monotonically with the distance 
from M and at large distances r, f ^ X/r 
asymptotically holds. 

The scale length A is that distance from M at 
which the gravitational acceleration is ac, thus 
A = \J^^^- Therein is ac = ucHq, c the speed 
of light, Hq the Hubble constant of the present 
epoch and a is a fit parameter|10 

In Special Relativity (SR), we have rUg = m 
and niin = fm^ei with the rest mass m and 
rrirei = I In General Relativity (GR) 

the distinction between nig and rriin is artificial, 
because the energy-momentum-tensor deter- 
mines the metric. Thus, in GR we have de facto 
rrig = rriin = frrirel- 

Because mass plays a paramount role in all of 
physics, this basic assumption has momentous 
consequences. In this article I restrict myself to 
a few issues with direct impact on astronomy 
and cosmology. At the moment there is no 
field function / deduced from first principles. 
Therefore, in sections [TI] to |V] consequences are 
discussed which do not depend on the special 
form of /. When comparing MMC with the 
observation in section IVII empirical functions 
will be used. 



^ Q = 0.169 yields the MOND-Parameter aA/(see be- 
low) 

^in the cosmological context A depends on the asymp- 
totic mass density (see below) 



In this article the symbols have their usual mean- 
ings. For example, the momentum of a mass m 
with velocity v in MMC is 

niinV = fp (2) 

with p = rrireiv. 

Ill MMC and Newtonian Me- 
chanics 

A Consequences of the Equation of 
Motion 

The equation of motion of a test mass m in a 
Newtonian potential ^jy of a large mass M is 
given by the second Newtonian law 

^ {f{f{t))mgv) = -nigV^N (3) 

or 

fnigV + fmgV = -TUgV^N (4) 

Applying d'Alembert's principle we realize that 
generally there are at least two inertial forces, 
even in a linear motion: the well-known inertial 
force —fnigV resisting a change of velocity 
and additionally —frUgV favoring the decrease 
of inertial mass, because this force is always 
repulsive. If m approaches M then / > 0, 
whereas with increasing distance / < holds. 
In the cosmological context an analogue term 
will cause a negative pressure. 

It is useful to solve eq.Q for the acceleration 

^J=j{-V^N-fv) (5) 

which gives the standard physics results for / = 
1. 
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One can see that the weak equivalence principle 
is valid, because the trajectory does not de- 
pend on TTig. Furthermore, we learn from eq.(l3]) 
that the momentum /p is conserved if V<l>Ar = 0. 

In the strict sense the strong equivalence prin- 
ciple holds only approximately if / ~ const, 
for example close to a large mass. Because the 
principle has to be valid only locally it is a good 
approximation especially in cosmology, where 
/changes only on very large scales. 

Now let us discuss some consequences arising 
from the gravitational term. 

Since, by assumption / < 1, the factor 1/f 
acts as an enhancement of gravity. In MMC 
a free falling body is accelerated by a factor 
1/f more than in standard theory. This works 
like an additional gravitational mass. One can 
easily imagine that the enhancement factor 
could tremendously effect the development of 
structures at large scales. This applies to the 
formation of galactical spiral arms as well as 
to the emergence of voids and filaments at the 
level of super clusters. 

In the end it accounts also for the observed 
galactical rotation curves. To show the flatness 
of the rotation curves in the outskirts of galax- 
ies, we examine the special case of a test mass 
m moving in a center field of a large mass M. 
Below, m without a subscript always refers to 
the rest mass. The equations of motion in polar 
coordinates are 

r-r^' = ^i-^-f'P) (6) 
^(mfr^^) = ^(fl) = (7) 



where ' means the derivative w.r.t. r and 
// = fmr'^cp is the magnitude of the angular 
momentum. 

Because the scalar field / doesn't influence the 
direction of the gravitational force, the angular 
momentum vector stays fixed in space. Thus, 
eq.© expresses the conservation of angular 
momentum. 

In a circular orbit, r = and /' = 0, and there- 
fore the circular velocity is 



• / 1 LriW 

vc = r(l)=Jj—- (8) 

At large distances (r » A) we use / ~ A/r to 
obtain 



t;c ~ y = \/GMac = const (9) 

showing that the circular velocity at large 
distances from the mass M becomes constant 
in MMC. MOND yields the same equation with 
ac = OM, where om is the MOND parameteiH. 
This is what is observed at the outskirts of 
galaxies. 

Unlike the DM paradigm the MMC requires not 
more gravitational, but less inertial mass. 

Furthermore, there is a simple explanation for 
the fact that the virial mass Myj^ is always 
larger than the observed mass Mghg. 

The virial theorem can be derived by defining a 
quantity Q = fp- r [37]. The time average for a 
finite motion then is {Q) = 0. The derivative of 

^in MONDian literature denoted as ao (see below) 
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Q w.r.t. time and subsequent averaging together 
with eq.® yields (2/r) = (VC/ • r), where T 
is the usually defined kinetic energy T = ^mu'^. 
For the Newtonian gravitational potential, the 
resulting virial theorem in MMC is 



2(/r) = -([/) 



(10) 



Interestingly there is no expression resulting 
from the second inertial force. Thus, if {fv^) ~ 
{f){v^) holds, the virial mass according to MMC 
is smaller than the Newtonian virial mass M^r 
by a factor (/) 



Mmmc ~ U)Mn 



(11) 



We now discuss the asymptotic case r ^ A for 
the second term on the right-hand side of eq.jS]), 
where we have / ~ 

Using / = Vf-v = f'r-v this term, ~ asymp- 
totically becomes 



7"~ 



r ■ V 



(12) 



which does not depend on A! This means that 
at large distances the repulsion is independent of 
mass M. 

Thus, the second term in eq.dS]) represents noth- 
ing else but a non-relativistic analogue to the 
Hubble flux. A convincing argument in favor of 
this interpretation is the fact that in the cosmo- 
logical context the position of each object may be 
written r = a{t)^ with the scale factor a{t) and 
the constant comoving position ^. Then the term 
/(l<1,A) 



/(l<l,A) 



asymptotically becomes the Hubble 



function H(t) = — . It depends neither on ^ nor 
a 

on A. However, a correct treatment of the Hub- 
ble flux is only possible within the framework of 
GR and will be discussed in sectiondVl and IVIi 



B Energy Conservation 

Now we turn to the energy conservation theorem 
for a test mass m whose potential energy U in 
the field of a large mass M is not explicitly time- 
dependent. The additional inertial force pro- 
duces an additional term. Starting from eq.dS]) 
and taking the scalar product with v, one obtains 



fmv ■ V + fmv ■ V 



-VU -v 



dU 
~dt 



or 



m—(- fv^) H — fmv"^ 



1-2 dU 

, , , , „ , , - fmv = — — 
dt^l' ' 2-' dt 

The total energy is now obtained by integrating 
over t 

-fmv"^ + - f fmv"^ dt + U = E (13) 

The meaning of the second term is discussed in 
sectiorfVl 



C MMC vs. MOND 

Today there is a completely relativistic version 
[28J of MOND. The difference between MOND 
and MMC however can be seen most clearly by 
analyzing the non-relativistic equation of mo- 
tion. While in MMC eq.([3]) holds, the corre- 
sponding equation in MOND according to |28j 
is 




N 



(14) 



where /i(x) is an empirical function with the 
following properties 



li{x) 




(15) 
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and aM = o.i69ci?o = I.2i0"^°m/s2 is the IV MMC and Relativistic Me- 

parameter of MOND. chanics 

The following function is often used for /x(a;)[19j Below I use the notations i, j, A;, . . . = 0, 1, 2, 3 

and a = 1,2,3. The time coordinate has the 

^(^x) = —j^=^= (16) subscript and the signature is H . 

\/l + 

In order to obtain the law of energy conservation 
in the hmit \v\ <C cm eq.([Tl]) becomes in SR, we first need a generalization of Newton's 

second law valid for all velocities. For a test mass 
\v\ ■_, m with the potential energy U which does not 

qm ^ explicitly depend on time, the generalized second 

law is 

As BekensteinlM] pointed out, "MOND is d_fmv^ ^ ^^^^ 

characterized by a scale of acceleration um, not yl— ^ 

by a scale of length". This is a fundamental 
difference; MMC is characterized by a scale of 
length A. 



Using the same procedure as in the derivation of 
eq. ffTSl) . it is easily found that 



o2 



MOND has two interpretations [H]: ^ / ^2 ~ J ^Jl-^fdt + U-E (20) 

modification of the Newtonian equation 

of motion, as given by eq. (fH|) . without a |-| 

change of the gravitational field. ^o obtain a covarianl|£| equation of motion, I use 

the invariant four-dimensional element of length 

b) as a modification of gravity ~ V dxidx^ and the dimensionless 4-velocity 

In doing so a generalized Poison equation ^ 

has to be solved it* = —r- = (- ^ 



|V$| 

^ ■ (/^( )'^^) — 4vrGp (18) and the resulting 4-momentum is 



fp^ = fmcu' 



where p is the mass density. Together with 

the solution of eq.((l8]), the unchanged New- a Minkowski force can be defined with the 3- 

tonian equation of motion holds v = — V<I>. force F = —\7U 

In MMC, the gravitational potential and the j^i^i-^'^/^ ^ \ 



/1 v"^ ' 
77 \/ J- — 72- 



structure of the equation of motion remain 
untouched, merely the definition of mass has 
changed. ®in terms of invariance under Lorentz transformation 
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The desired equation of motion using the proper 
time interval dr = \ \ — ^ dt \s 



^{mcv}) = hx' - mcw'^) (21) 
ar / ar 



with the 4-vector 



w 



v^/c^ v/c 



1 1)2 /-I t)2 



and for and Wi one obtains 
u'wi = 

Eq. (f2T]l is the analog to eq.dS]) and can be rewrit- 
ten with ds = cdr 



du' 1 , K' 



ds f ^ mc^ ds^ ^ ^ 

the time coordinate of eq. (|22p yields the energy 
conservation eq. (f20]) . the space coordinates 
of eq. ()22p the three dimensional equation of 
motion p9|) . 

In GR gravitation is included in the metric g'^^. 
Hence, we set = in eq. (|22p and generalize 
to arbitrary coordinates by using the covariant 
derivative instead of the partial one. Then we 
find the desired result for GR 



du^ 
ds 



idi 

fds 



w 



(23) 



Now and generally depend on g^K T^^ are 
the Christoffel symbols. 

V MMC and Cosmology 

A The Equation of State 

In this section a is the scale factor with dimen- 
sion of length. 



Now I discuss the physics of the second inertial 
force and its justification. An adequate model 
for homogeneous and isotropic matter in cos- 
mology is that of a perfect fluid, whose energy- 
momentum-tensor is given by 



= (e + P)u'u 



P9 



(24) 



P is the pressure, e the energy density in the 
proper system. 

It describes the background and therefore we 
have to replace / by fh in this context. 
If we choose a synchronous reference system, 
then = CT as well as 500 = 1 and goa = 0. 
Otherwise 500 and ''J-^ would depend on the grav- 
itational potential <I>. Then 

„2 



e + P 



1 



P 



e + Ph 
1 



(25) 



Since T^^ is the energy density in the frame of 
reference, it is determined by the energy conser- 
vation law (j20p . For that purpose we set [/ = 
and obtain 

' dh 



mc 



1 



mc 



l-K^dr' = E (26) 
^ dr' ^ ^ 



Now in eq. ()26p we switch over to densities re- 
membering that the volume has to be trans- 
formed too. 

'2 1 r o n — -dfi, . , E 



fl 



pc 



1 



V 

71 



setting 



we obtain 



1 



F(r) 







/oc^/l 



dfb 
dT 



dT 



f F(r)-F(0) , „2 F(r)-F(0) 
Jb / -r 



pc 



E 
V 
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Now we compare this with eq.(|25p keeping in 
mind that there e and P are quantities in the 
proper system, where F(t) = fb{T)- If we 
refer to cosmic time, then /fe(0) = 1 is vahd, 
because the initial state is characterized by an 
extreme density of mass and energy respectively. 



Thus, 



pc 



P={fb- l)pc^ 



(27) 
(28) 



Eq. (p8|) is the equation of state of matter in 
MMC. According to MMC matter always shows 
negative pressure except from = 1. 



B Cosmological Consequences 

In this subsection the subscript denotes the 
present epoch. 

Below, radiation will be neglected and ACDM 
always refers to the two component ACDM . 

In the cosmological context the scalar field /f, is 
considered as a function of the scale factor a. 
Often the dimensionless state of equation w is 
used ESI 



w 



w{a) 



P 

e 



fb-l 



(29) 



While in MMC w is a function of the scale 
factor a, w is constant in ACDM . For pres- 
sureless matter ACDM yields Wm = 0, and for 
the cosmological constant A w\ = —1 holds. 
In other scalar field models of DE, e.g., the 
Quintessence [2^ w = w{ip) with a scalar field 
If holds. 

The basic equations of cosmology are: 

the two Friedmann equations (here without A) 



a , 9 SttG kc^ 

- = -irp- — 

a 3 a'^ 



P-^ (30) 



and 



a AttG, 3P, 
as well as the continuity equation 
p + 3H{p + ^) = 



(31) 



(32) 



and the equation of state (|28p . 

We substitute eq. (|28]) into eq. (f3T]) and obtain 



- = -47rGp(/,-|: 
a 3 



(33) 



From this it follows the important result that 
for ft, < 2/3 the expansion of the universe is 
accelerated (a > 0). This is what we observe. 



Substituting eq. (j28|) into eq. (j32|) we find 

p + 3HfbP = (34) 

From this continuity equation we obtain also 
some interesting results. 



The solution of eq. (j3l|) is 



p{a) = poe 



_3 r M^da' 

J ap a' 



(35) 



The scalar field may be written as /f,(a) = 1 — 
(t){a% Thus, 

p{a) = po{—ye ■'-o - (36) 
a 



and defining the enhancement factor 
r(a) = r 



(37) 



''4> is quasi a measure for the deviation from standard 
theory 



8 



we obtain 



p{a) 



ap ^ Tja) 

P0[— TT7 — V 



(38) 



The attenuation effect of the pressureless matter 
oc during the expansion is separated as a 

factor. Since fb{a) asymptotically approaches 
zero, (j){a) trends towards 1. Therefore, accord- 
ing to eq. (p6]) . p approaches a positive limit poo- 
Thus, the universe finally trends to a constant 
energy density. 

To distinguish analog quantities in MMC from 
their counterpart in ACDM the former will be 
denoted with ~. 

It is intuitively obvious that we can define a cos- 
mological constant in MMC in this way: 

^2 



PA 



(39) 



Thus, the cosmological scale length A is also 
found 

1 VSc 



X 



In the cosmological context A depends on the 
asymptotic density of mass and hence on the 
asymptotic Hubble constant H^. 

Now we will divide the density p in the two 
fictitious (!) parts pm and Pde^ which in ACDM 
correspond to the pressureless (baryonic as well 
as Dark) matter and the DE in terms of the 
cosmological constant. But, in MMC poE isn't 
constant. 

Once again we have to keep in mind that in 
MMC there is neither DM nor DE! 



With 



P = Pm + PDE 



(41) 



and 



we find 



Pm — Pm,0\ ) 

a 



(42) 



Since pressure as well as pde vanish if a ^ A 
and using r(0) = 1 we find 



r(ao) 



Po 



Pmfl 

Thus, we can rewrite eq. (|38]) as 

P = Pm'^ia) 



(44) 



(45) 



Assuming that p is always critical and with the 
scaled density eq. fjiSl) becomes 



(40) or. 



0™, r(a) = 1 



Qde = ^^m(r(a) - 1) 



(46) 



(47) 



Since eq. (p4l) has constant solutions for = 0, 
a simple possibility opens up to explain the oc- 
currence of the inflation. 

Let us assume that at Planckian time the scalar 
field /b has the value zero and the inflation be- 
gan at t* . If the value of the scalar field switches 
to 1 at a later time ti by symmetry breaking, 
then this results in a very high constant density 
p* during t* > t > U. According to eq. (p8]) a 
very high negative pressure occurs that fuels the 
infiation. At time ti the inflation stops abruptly. 

So in MMC the initial and the flnal state of the 
universe is characterized by constant densities 
and thus by massless matter (de Sitter universe). 
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The well-known de Sitter solution during infla- 
tion is 



= a*e^' with H* 



(48) 



and in the final state 



i{t) = aoe^°°(*~*o) with H, 



ISttG 



oo — y 2 Poo 



The flatness condition of space {k 
from of the Friedmann eq. (|30p 



(49) 



0) follows 



k = ^( 



a2 SvrG 



SttG al T{a) 
3 r(ao) a 



(50) 



using 



.2_87rG r(a) 
3 ^^T{ao) a 



2 Qq r(a) 

r(ao) a 



we obtain 



Va' da' 

r(a')i/2 



3/2 



r(ao)i/2 



(51) 



In section rvTl it is shown that eq. (l5ip delivers the 
correct age of the universe. 

VI MMC and Observations 

Since up to now there is no field function / de- 
rived from first principles, two empirical func- 
tions will be tested for their ability to reproduce 
various observations. In the cosmological con- 
text as background field function, I used 



1 



-l/x 



with 



A 



For the galactical rotation curves, the function 



/2(X) 



1 



VTT 



with 



r 
A 



is used. The function /2 is related to the 
empirical function of MOND (eq.(|16p) by 

/2(X) = p{l/x). 



A Galactical Rotation Curves 

By means of two arbitrarily selected examples, 
the NGC 5033 and the low surface-brightness 
galaxy UGC 128, it is shown that MOND and 
MMC yield very similar results. The measure- 
ments used are from 1191. 



The method chosen here is geared to the ap- 
proach of MOND in |19j . There, at first the 
enclosed total mass Mt{r) of a circular orbit 
with radius r is divided into the disk mass M^, 
the gas mass Mg and bulge mass M^. Thus 
Mf = Md + Mg + Mb. The examples are chosen 
so that Mfe = to minimize the uncertainties. 
The partitioning was made under the assump- 
tion that Newtonian mechanics is valid. Hence, 



Mt{r) 



G 



Now the MOND eq.^ becomes 



li(—\v 

\aM, 



GMt{r) 



(52) 



It has to be solved for the acceleration v. Then 
the rotation curve velocity is given by 



VMOND{r) = \Jrv{r) 



(53) 

In MMC instead of eq. (j52p one has to solve the 
following eq. 



1 GMt{r) 



fir) 



V 

r 



(54) 
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So we find 



VMMC = ^j^ivj + vj) (55) 
The scale length A is given by 
AM = 

V «C 

with the fit parameter a defined by ac = ocHq. 

The rotation curves figH] and figl2] are com- 
puted with the empirical function /2 also used 
in MOND. The results are very insensitive to 
the chosen function. The function /i delivers al- 
most the same results with a somewhat different 
fit parameter. For fi we find a = 0.101 and for 
/2 a = 0.135; for comparison the MOND fit was 
performed with um = 0.169ci7o- 
Both examples suggest that whenever MOND 
works MMC will work too. 



B Cosmological Aspects 

The cosmological MMC model needs 3 input pa- 
rameters: ^m,o, the normalized density of the 
pressureless matter of the present epoch, Hq the 
present Hubble constant and k, the curvature 
parameter of the metric. 

The values used here are: Clm,o = 0.25, Hq = 
0.237 • IQ-^ys and k = 0. 

The fiatness of space is presumed not explained. 
MMC is a "one component" model. However, 
because space is flat this single component must 
be critical. 

Hence a series of predictions arise agreeing more 
or less with the observations. 

The following computations are performed with 
function fi. Analogous expressions for /2 are 



easily found. The results are not strongly de- 
pendent on the chosen function. 
It should be remembered that the functions used 
are merely empirical. Therefore, we should not 
expect a perfect correlation with observation. 

From fi = 1 — e~^l°' we flnd the enhancement 
factoill 

r(a) = e^-^^^^'^/'^) (56) 
We can rewrite eq. ()46p for the present epoch 

^^m,oe^-^^(^'^/""^ = 1 (57) 

Immediately there result some numerical values: 
r(ao) = 4.00, the ratio xq = ao/A = 1.690 and 
/i(xo) = 0.447. 

Substituting = f\ in eq. (p8]) we find for a — >• 
oo 

P^=p\ xe^llla,^ (58) 
where 7 = 0.5772 ... is the Eulerian constant. 

Therefore, poo = 0.214po and = 0.462i?o- 
Setting pc,o = 1-01 • lO^^e kg/m^ we find with 
eg. ([39]) and ea.dlQ]) 

A = 0.403 • 10-^2 ^~2^ ^ ^ Q ^^53 . iq27^ ^^^^ 
ao = 0.266 • lO^^m. 

Comparing with ACDM (r^A.o = 0.7), it 
is clear that the cosmological constant 
A = 1.32 • 10"^^ is shghtly larger than A. 

Substitution of the values above into eq. (l5ip 
delivers the age of the universe as to = 12. 9G?/, 

*For the function Ei{l, z) see [38], there denoted as 
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which has the right order of magnitude. 

The two component ACDMand MMC mostly 
produce similar results. This shall be shown with 
the help of 3 examples. 

a) The normalized density of the cosmological 
constant in ACDMis (see [25] ) 



With eq-dH]) MMC yields 

nnE = n^A-fie''''^'''/^^ - 1) 



(59) 



(60) 



Both functions are shown in fig 131 The 

curves cross over at xq if (imfi = ^m,o- 

(3) The luminosity distance in ACDMwith 
the redshift parameter z 



Oo 

a 

is according to [25] 
l + z 



(61) 



dL 



"'0 



dz' 



/0^,o(l + z'f + Qaa 

(62) 

In MMC we find with eq.dS 



With ilA,o = 0-7, this gives Zc = 0.67. Sub- 
stituting (lAfi = 0.75 we find Zc = 0.82. 
In MMC we have to solve fiix2/-i) = 2/3 
and find 0:2/3 = 0.910. This together with 
eg. ([ST]) gives 2:2/3 = 0.86 

A substantial difference between standard 
physics and MMC is that according to the 
former the peculiar motion of a body in a 
complete homogeneous and isotropic expanding 
universe will finally come to rest in the Hubble 
flux, while in MMC this is not the case. 

In standard physics, a body with momentum p 
w.r.t. a comoving system (see textbooks, e.g. 

]) 



pa 



mva 



1 - 4 



const 



hence the velocity v decreases while a increases. 
In MMC in contrast, the momentum is fp, thus 

fmva 

jpa = — , = const 



d, 



(63) 



l + z 



JO 



dz' 



(1 + z'Ye ^ ' ^0 ' ^ '^0" 



For a comparison, see figlH 

7) In ACDMthe accelerated expansion of the 
universe began at [25] 



0.1/3 



If / oc A/a holds then v is constant. This could 
help to understand an observation reported by 
Watkins et al. [10] . They found that there is 
an exceptional large bulk flo^ of 407 km/s 
within a Gaussian window of radius 50h^^ Mpc. 
According to the ACDM cosmology the value 
should be about 100 km/s, which is significantly 
too small. Certainly inhomogeneities will have 
a large infiuence on this phenomenon. However, 
MMC could at least partly explain the observed 
large value. 



m,0 



'dipole moment of the peculiar velocity field 
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250000 -1 


/i T T TT^ 




4__V4-'^^~~li\ MONO 


200000 
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Figure 2: Rotation curve of NGC 5033. Velocity in m/s. MMC solid line; MOND dashdot line. Data 
points from |19) 
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• 0.5 1 1.5 2 2J 3 

z 

Figure 4: iJo • vs. 2;. Solid line is MMC. The parameters are flm,o for ACDM 

VII Summary 

Some consequences of the assumption tliat tiic incrtial mass depends not only on its rest energy but 
also on a scalar field which is caused by other mass are discussed. Applying this assumption to the 
equation of motion we find that besides the well-known inertial force, —mv, a further inertial force 
emerges. This force is always repulsive and favors the decrease of inertial mass. The acceleration 
caused by this force becomes independent of mass at large distances. Thus, it is related to the 
Hubble flux. 

A reduction of inertia on the other hand acts as an enhancement of gravity as if there would be 
more gravitational mass. This effect explains the galactical rotation curves. The assumption of a 
DM isn't necessary at all. Unlike the DM paradigm the MMC postulates not more gravitational 
but less inertial mass. 

It is easy to imagine that the enhanced gravity will strongly effect the formation of structures 
at large length scales. It effects the formation of spiral arms of galaxies just as well as the 
development of voids and filaments at the level of super clusters. 
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A new equation of state for baryonic matter has some intriguing properties. For instance, baryonic 
matter is always accompanied by a negative pressure. Therewith, it is a consequence of the 
Friedmann equation that for fb < 2/3 the expansion of the universe is accelerated. Moreover, the 
continuity equation allows constant solutions for ft = 0- Thus, the late universe approaches a 
state of constant energy density. In this regard, the MMC is similar to ACDM . It also opens up 
the possibility to understand the inflation as a phase transition with fb as the order parameter. 
We assume that immediately after Planckian time the scalar field has the value zero. During this 
period inflation occurs. Later on when the value of switches to 1 by symmetry breaking the 
inflation stops. Thus, the initial and the final state of the universe can be understood in a very 
similar way: it is a state without inertia. 

Using the empirical functions the computed age of the universe, the luminosity distance and 
the redshift z of the beginning of the accelerated expansion comply to large extent with the 
values of the two component ACDM with Q\ = 0.7... 0.75. Therefore, also DE isn't necessary 
as explanation. Furthermore, the MMC can provide an explanation for the very high peculiar 
velocities found at large scales. 

From the fact that MMC requires neither DM nor DE to explain some phenomenons it is incorrect 
to conclude that these don't exist. Maybe they do. If MMC is correct, then their energy density 
should be much smaller as assumed now. 



MMC is just an idea, not yet a theory. A lot of questions are still open. The modest aim of this 
article was to demonstrate the potential of the idea. 



I am grateful to Richard Davidson for very helpful comments on this paper. 
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